Using acoustic emission data obtained from laboratory double torsion tests, we have analysed the fractal nature of a series of 29 granite microfracturing processes in time. The data represent a wide variety of timescales, stress environments (increasing load with a constant displacement rate, relaxation, creep), soaking conditions [air, water, dodecyl trimethyl ammonium bromide (DTAB), polyethelene oxide (PEO)], and material anisotropy. We find that the time distribution of rock microfracturing displays fractal and multifractal properties. In some cases, it has a single fractal or a multifractal structure. In other cases, it changes from a single fractal structure into a multifractal structure as the system evolves dynamically. We suggest that the heterogeneity of the rock, the distribution of joints or weak planes, the stress level, and the nature of the microfracturing mechanism lead to these multifractal properties. Whatever the fractal structure of the system, a lower fractal dimension is generally produced at nearfailure of the rock due to an increased clustering. This result concerning the fractaldimension decrease is consistent with the conclusion drawn from the spatial distribution of rock microfracturing. Therefore, from the vantage point of observation of the time distribution of rock microfracturing, the decrease of the fractal dimension has a potential use as a rock failure predictor.
demonstrated that the time series of the seismic process is also fractal: if every earthquake is An examination of the fundamental aspects of the behaviour of the distributions in time, space, and size for rock microregarded as a multishock event, the rate of occurrence of aftershocks varies as t−1, where t is the time from the origin fracturing is an important endeavour in geophysics. A number of fractal analyses have concentrated on the spatial and size time of the main shock. Lockner & Byerlee (1977) conducted creep tests on granite and sandstone samples at 100 MPa condistributions. For example, the Gutenberg-Richter relationship indicates a self-similarity in frequency-magnitude and is fining pressure and stress level from 45 to 95 per cent of failure strength. They found a decreasing decay rate with increasing apparently valid for various fracture scales-from microcracking of rocks (cm) to large earthquakes ( km) (Mogi 1962 ; Aki stress level. They showed that during transient creep, the acoustic emission (AE) rate obeys Omori's law, N(t)=1/(K b +qt), 1981; King 1983; . By using correlation functions, Kagan & Knopoff (1980) showed that the spatial distributions where K b and q are constants (Lockner 1993) . Lord & Koerner (1978) also found that the AE event rate in unconfined creep of earthquake epicentres have stochastic self-similarities, and that the fractal dimension is around 2.2 with the hypocentral tests on anthracite coal obeys Ormori's law, N(t)=Kt−p, with the constant p decreasing with increasing stress (Lockner 1993) . depth. Using a box-counting algorithm, Sadovskiy et al. (1984) demonstrated that the spatial distribution of earthquakesAcoustic emission, which is produced by rapid microcrack growth, is a ubiquitous phenomenon associated with brittle both on a worldwide scale and in the local Nurek region-is fractal. Some researchers (for example fracture. It has provided a wealth of information regarding the failure process in rock. Hirata et al. (1987) found that the et al. 1992 Sammonds et al. 1992; Hatton et al. 1993; Liakopouloumorris et al. 1994; Crawford et al. 1995; Oncel spatial distribution of hypocentres of AE has a fractal structure. Kusunose et al. (1991) estimated the fractal dimensions of the et al. 1996; Wilson et al. 1996, etc.) found interesting correlations between the b-values and the stress intensity factor. AE hypocentre distribution in Oshima and Inada granodiorites; they found that fine-grained granodiorite has a single fractal Others (Anifrani et al. 1995; Anderson et al. 1997; Garcimantin et al. 1997) have discussed the rupture behaviour of damage structure, whereas coarse-grained granodiorite has a band-limited fractal structure. Furthermore, Seto et al. (1994) found that the spatial distribution of AE in coal under triaxial compression has a fractal structure. These studies have considered the spatial distribution of AE events and the length scale over which they are correlated. One can also ask, however, whether the time distribution of the microfracturing process of rock has a fractal behaviour. In this study, the time series of AE in Ohshima granite under various loading patterns and environmental conditions were measured in double torsion experiments, and then examined to discover whether or not the time distributions of rock microfracturing were fractal. By using the number-time relation, we found that these distributions were indeed fractal, with, moreover, a very interesting fractal character.
EXPERIMENTAL PROCEDURE
Acoustic measurements were first applied to sample loads in double torsion by Meredith & Atkinson (1983) , and more recently by Hatton et al. (1993) . The present study emphasizes a new element in double torsion tests compared to this earlier work. The new element is designed to investigate the anisotropy of materials and the effect of soaking in chemical solutions. A plate plane and is parallel to the notch, and the grain plane is Two loading processes were used. In the first, the specimen perpendicular to the plate plane and notch. (d) Type C specimen: the was initially loaded at a constant displacement rate using a rift plane is perpendicular to the notch and the plate plane, and the hydraulic testing machine under servo-control. The loading grain plane is perpendicular to the plate plane and is parallel to the notch.
rates were set to 0.002, 0.008, 0.01, 0.02, 0.03, 0.05, 0.06, 0.08, and 0.1 mm min−1. When the load reached 70-90 per cent of the strength of the specimen, the specimen underwent a relaxation progressed. However, the AE event rate increased as the specimen approached failure, and large AE bursts occurred deformation process for about 1 to 2 hr. Displacement was measured by averaging signals from two displacement transwhen the specimens failed. During the load-increase and relaxation stages, the AE event rate varied with environducers. In order to investigate the microfracturing of rocks under different environmental conditions, the specimens were mental conditions. Microfracturing behaviour also varied with environmental conditions and specimen type. Even though the soaked in air, water, dodecyl trimethyl ammonium bromide (DTAB) solution, or polyethelene oxide (PEO) solution.
AE behaviours are very different, the time distributions are self-similar (see next section). Two AE sensors (PAC nano-30) were mounted on the surface of the specimen (Fig. 1a) . AE signals from microDuring the creep test, specimens were subjected to a constant load. The displacement and AE measurement system were as fracturing, analysed in terms of occurrence time, rise time, amplitude, count, energy, and duration of events, were recorded above. AE activity varied with the chemical solution used (Fig. 3) . Cracking velocities changed with specimen type and by an MISTRAS-2001 system. Signals from the AE sensors were amplified by a pre-amplifier with 40 dB gain, and passed environmental conditions (Table 2 ). Cracking velocities of type C specimens under different environmental conditions through a frequency filter (50-1200 kHz) and a post-amplifier of 40 dB gain inside the system. The amplitude threshold was were all in the same range (about 10−2 mm s−1); however, specimens of type A showed large differences in cracking set to be 45 dB. The frequency range was set from 200 to 1200 kHz for one sensor and from 20 to 200 kHz for the other.
velocities under different environmental conditions. For example, the cracking velocity of specimen OGDT16A1 soaked in DTAB Experimental data and results for each specimen during the load-increase stage (constant displacement rate) and the was almost 100 times that of specimen OGDT15C1 in air and 10 times that of the specimen in water. It can also be seen relaxation process are shown in Table 1 . As examples, Fig. 2 shows the time distributions of the AE counts of type B that the time distributions of rock fracturing are self-similar (see next section). specimens during the rock microfracturing process in air, water, and a DTAB solution.
During the load-increase stage, AE events became more FRACTAL MEASUREMENT METHODS frequent as the load increased. Initially (small load, e.g. less than 39.22 N), no AE events occurred. During the relaxation Fractal and multifractal analysis deals mainly with the functional description of fractal objects or processes. When stage, the AE event rate decreased gradually as the relaxation stressed, rock, like many other materials, produces impulses where t p i , t p j are the times of the AE events p i and p j recorded by the measurement system. N is the total number of AE generated by microfracturing associated with the release of strain energy stored internally within its structure, which is events over the distribution in the selected time range t that is to be analysed. manifested in the form of elastic waves. An acoustic emission is defined as a transient elastic wave. Thus, the fractal dimenFrom fractal geometry (Grassberger 1983), the correlation integral C(t) for the AE event distributions ( p 1 , p 2 , … , p N ) sion of the damage evolution process experienced by rock microfracturing can be directly measured from the distribution during rock microfracturing processes (Figs 2 and 3) can be expressed in the form of the events in time.
Consider a time range t over the distribution. The total number of AE event pairs ( p i , p j ) whose time interval T is smaller
(2) than t can then be counted and is denoted by N(t) (T <t), as shown in Fig. 4 . Thus, we obtain a set of data N(t i ) (T <t i ) The correlation integral versus the timescale for the AE event distribution during a rock microfracturing process is associated with time ranges t i (i=1, 2, …). plotted on a double logarithm scale. If the data fall on a
, straight line, the time distribution of AE events during the rock microfracturing process has a fractal structure. The i, j=1, 2, 3, … , N , correlation integral C(t) is expressed by dimension can be determined at any time by the microfracturing monitoring system.
where D is a type of fractal dimension called the correlation FRACTAL CHARACTER OF ROCK exponent that gives the lower limit of the Hausdoff dimension.
MICROFRACTURING IN TIME The fractal dimension can be estimated from the slope of the line. This correlation exponent method (eqs 2 and 3) can be Fractal character of rock microfracturing at load-increase combined with the prediction of the evolution process of rock (constant displacement rate) and relaxation stages failure to calculate the number of pairs ( p i , p j ). In this way, the fractal measurement can be performed with a computer
We first applied the fractal measurement method discussed in the previous section to measure the number-time relation of using software to monitor microfracturing events. Thus, like information on the AE event distribution in time, the fractal the distribution of rock microfracturing events over the entire Fractal structure of microfracturing 279 loading process. The timescale t adopted was from 1 to 32 s indicates that the two fractal dimensions are significantly different]. This multifractal behaviour may be due, for example, in 1 s intervals. From the plots of log C(t) versus log (t) (Fig. 5) , it can be seen that there is a good linear correlation between to the presence of two distinct families of microfracturing in time. The existence of two subranges of D has implications for log C(t) and log (t) over 1.5 orders of magnitude in time. This indicates that the time distribution of the rock microfracturing the fracturing mechanism or histories (see discussion below); that is, the scaling behaviour of the temporal evolution of events is fractal and has statistical self-similarity within this range. Fractal dimensions for the specimens shown in Table 1 microfracturing on a short timescale is different from that of microfracturing on a long timescale. were obtained directly from the slopes of plots in Fig. 5 . The results are shown in Table 3 .
The results shown in Table 3 indicate that throughout the loading process, the time distribution has two almost distinct It seems to be possible to define two distinct fractal dimensions, as shown in Fig. 5(b) [A T-test of statistical significance fractal structures. For any given type of specimen under a variety of environmental conditions, the difference in fractal gave values for the two segments that were greater than the critical value t 0.001 =3.57 (at a confidence level a=0.001). This dimensions was small. However, the fractal dimension during the second load-increase process is smaller than that during the first load-increase process. We used the same method to measure the fractal behaviour of the time distribution of rock microfracturing during the stress relaxation process. In this case, primary relaxation and steady relaxation were analysed separately. The results shown in Table 4 indicate that it is again possible to consider two distinct fractal dimensions for each specimen during primary relaxation. There is, however, a small difference: the fractal dimension during the primary relaxation is smaller than that during the load increase process.
In most cases of steady relaxation, however, correlations between log C(t) and log (t) can be reasonably well fit by a single line for the time distribution of the rock microfracturing events. This indicates that the time distribution of the rock microfracturing process in these cases has mainly a single fractal structure. Exceptions were OGDT41A1 (at first loading), OGDT21B1 (at second loading), and OGDT22B1 (at second loading), which all showed two distinct fractal structures (Table 5 ). In some cases, it is more interesting to investigate the when the overall evolution time of the system is continuously These two distinct zones passed T-test of statistical significance, sub-divided into ranges (not only including load increase through-
out, primary relaxation and steady relaxation). For example, Figs 6(a) and 7(a) show the change tendency of the fractal dimensions of OGDT4A1 and OGDT41A1, respectively. No 0.99±0.005, and the fractal dimension D 2 decreased to 0.47±0.02 from 0.91±0.007 as the system evolved. When failure occurred in OGDT4A1 during loading and relaxation (Fig. 6b) . The system started with two distinct fractal structures comparing Fig. 7(a) with Fig. 7(b) , it can be seen that there is a close correspondence between the decrease in fractal dimenand finally stabilized with a single fractal structure as steady relaxation was approached. The fractal dimension was about sion and the approach of the rock fracture. 0.92. OGDT41A1 failed at 1439-1441 s (in these three seconds, the AE rate were 356, 502, and 255 respectively). Only the AE Fractal character of rock microfracturing during creep events that occurred before 1438 s were used to calculate the fractal dimensions. Fig. 7(a) shows that it had two distinct Using the fractal measurement method, we also measured the time distributions of microfracturing events during the creep fractal structures over the entire evolution process of the system. The fractal dimension D 1 decreased to 0.72±0.05 from process for each specimen ( Table 2 ). The timescales were set from 1 to 32 s in 1 s intervals, as before. The plots of log C(t) and then changes to having two distinct fractal structures as the microfracturing process progresses (Fig. 8) . The fractal dimension D 1 (=0.83±0.02) of the first segment is greater than D 2 (=0.68±0.01) of the second segment [the value of dimension decreased to 0.48±0.01 prior to failure. Thus, there is again a close correspondence between the decrease in fractal the T-test is 14.75 (>t 0.001 =3.57)]. The fractal dimension over the entire distribution decreased to 0.68±0.01 from 0.94±0.02. dimension and the approach of the rock fracture. The specimen failed at 3464-3465 s. The fractal dimensions were calculated using only AE events that occurred before 3464 s. DISCUSSION No AE bursts correspond to the higher fractal dimensions. The decrease of the fractal dimension of microfracturing events Our fractal measurements demonstrate that the time distribution of rock microfracturing has a fractal structure. However, in time was a precursor of rock failure (compare Fig. 8a and Fig. 8b) 1984) ]. The scales of clear-cut crossover points between zones tend to be significant with respect to structure and deserve further investigation. The existence of two subranges with distinct values of D, over the full range of data, suggests that two different microfracturing mechanisms were active in creating the cracks, but does not imply that all fractures in the crack network were formed at the same time.
At the initial stage of creep there was a single fractal structure, which could be changed into two distinct fractal structures as the system evolved (Fig. 8) . Furthermore, the fractal dimension D 1 for the first segment was greater than the fractal dimension D 2 for the second segment. This phenomenon can be explained as follows. Over small time intervals, small cracks were generated. As time progressed, the accumulation of these small cracks led to their connection, generating bigger ones. The generation of bigger cracks could lead to a change in the system state (for example, from being relatively stable to its final fracture).
Whatever variations are present in fractal properties (from a single fractal structure to a multifractal structure, D 1 >D 2 ), the lower fractal dimension is generally produced near the failure. This result, obtained by considering the time distribution of rock microfracturing (the number-time relation of microfracturing using the time sequences of AE events recorded by the measurement system, rather than the AE event rate), is consistent with the conclusion based on the spatial distribution 1979 in a galena mine in the USA (Xie & Pariseau 1993) . Furthermore, this result has taken into consideration the evolution properties of a system's dynamic processes in time. features ( joint distribution, the heterogeneity of the rock), environmental conditions (dry, DTAB, PEO, water, etc.) and From an examination of the time distribution of rock microfracturing, we therefore suggest that the fractal dimension has the nature of microfracturing have important influences on whether it has single or multifractal properties. A time range a potential use as a predictor of rock failure. Studies of the spatial and size distributions of rock fracturing from 1 to 32 s in 1 s intervals was analysed (Fig. 5) : a T-test shows that two subdomains seem to exist during the rock (Mogi 1962; Kagan & Knopoff 1980; King 1983; Hirata et al. 1987; Xie 1992; Xie & Pariseau 1993; ; Nishizama microfracturing process. In such a case, one chooses, mathematically, two sub-regions for which linear fits can be defined. & Noro 1990; Kusunose et al. 1991) indicated that the damage evolution process is self-similar from the small scale (a In Fig. 5( b) , the slopes between pairs of points are constant at about 0.88±0.01 in the first segment and decrease slightly to microfracture, centimetres) to the large scale (an earthquake, kilometres). Some investigators (for example Allegre, Le Mouel 0.61±0.01 in the second segment. We examined the microfracturing processes of 15 specimens during the first load-& Provost 1982; Madden 1983; Turcotte 1986 ; Anifrani increase stage, three specimens during the second load-increase stage, 18 specimens at relaxation, and 11 specimens at the et al. 1995; Garcimartin et al. 1997) have investigated a scale-invariant fracture mechanism based on the self-similarity creep process. We found that the microfracturing at the first and second load-increase, and the primary relaxation process property of rock fracturing. If the theory of the scale invariance of the fracture process is valid in rock fracturing, then our existed in two subdomains. Most specimens at steady relaxation had a single fractal region, while OGDT41A1, OGDT22B1, findings can be extended to the seismicity of rock bursts. Here, too, a single fractal structure (at primary and steady Grassberger, P., 1983 . Generalized dimensions of strange attractors, creep) can be changed into two distinct structures (D 1 >D 2 ) as
